Abstract. An experimental investigation was performed to understand the pulling out behaviour of sugar palm (Arenga pinnata) fibers from unsaturated polyester (UP) composites. The effect of embedded length on the fiber-matrix interface was studied. Fibers were treated with UP and phenol formaldehyde (PF). Untreated fibers were used as the control. Single fiber pull-out tests were carried out for 360 specimens to determine the debonding force and interfacial shear strength (IFSS). Significant increase in debonding force of untreated fiber and UP-impregnated fiber was observed from embedded length of 2 mm to 3 mm. However, no significant increase was observed for the embedded length of more than 3 mm. Debonding force showed remarkable improvement with ascending order of untreated fibers, PF-impregnated fibers, and UP-impregnated fibers. The optimum embedded lengths of untreated fibers and UP fibers were determined. Additional finding showed that the interfacial shear strength decreased as the embedded length increased. However, UP-impregnated fibers showed the highest IFSS value, followed by PF fibers and untreated fibers. Analysis using Scanning Electron Microscope (SEM) was also included to justify the result.
Introduction
Composite materials are used in wide range of engineering applications such as insulating material in electrical and electronics, facade panels of building and public works, body components of road transports, fronts of power units of rail transport, marine transport, air transport, space transport, and also sports and recreation.
Natural fiber reinforced polymers have become popular alternatives compare to synthetic fibers due to their advantages such as high specific stiffness and strength [1] , light in weight, biodegradable and renewable [2] , ease in component fabrication [3] , availability [4] , higher resistance to abrasion [5] and lower in cost [6] .
The objectives of the study were to determine the debonding force and interfacial shear strength between natural fibers (Arenga Pinnata) and orthophatalic composite resin (unsaturated polyester).
Experimental Methods
Preparation of Raw Materials. The sugar palm fibers for the study were obtained from Kampung Kuala Jempol, Negeri Sembilan, Malaysia. The fibers were extracted from mature trees with the age of more than 6 years and with the height of 20 m. The fibers were washed and air dried for 24 hours before taking them to the laboratory. Then the fibers were oven dried at 80°C for another 24 hours to ensure the fibers are able to absorb the UP and PF thoroughly.
Impregnation of Fibers.
The fibers were vacuum impregnated with PF and UP at the Forest Research Institute Malaysia (FRIM). In the process, the fibers were submerged in a 3000 mL container filled with the impregnation resin agents (PF and UP respectively) in a vessel that was evacuated for 10 minutes at constant pressure of 1000 mmHg. Then the fibers were taken out and drained off the excessive resin before being heated for polymerization at 80°C for 30 minutes.
Mold and Specimen Fabrication. The mold for the pull-out specimens was fabricated out of a mild steel block (20 ×100 ×100 mm) where 10 cavities measuring 20 ×10 × 5 mm were machined, each with a 1 mm slit. The untreated fibers, UP-impregnated fibers and PF-impregnated fibers with length of 50 mm were then prepared. Next, a releasing agent was applied on the surface of the cavities using a brush. A single fiber was inserted into each of the slits according to the desired embedded length. Then, the matrix was prepared (UP and Methyl Ethyl Ketone Peroxide (MEKP) as the curing agent) and stirred thoroughly. The mixture was carefully poured into the cavities. The specimens were cured in an oven at 80°C for 20 minutes. The process was repeated for each of combinations of untreated-fibers/UP, PF-impregnated/UP and UP-impregnated/UP with varying embedded lengths of 3 mm, 4 mm and 5 mm. For the pull-out test, the fibers were attached with a 8 cm × 8 cm paper grip for easier clamping. The diameter of fibers in each specimen was measured using an optical microscope.
Pull-Out
Test. An Instron 3365 dual column testing machine with a capacity of 5 kN was used for this purpose. The tests were conducted under a constant crosshead displacement control at a rate 0.5 mm/minute in room temperature. The maximum load recorded correlated to the debonding force that was required to pull the embedded fiber out of the matrix. The test specimen was clamped so that the fiber was perpendicular to the horizontal line.
Scanning Electron Microscope (SEM).
The pulled-out fibers were cut into 3 mm length and placed on a plate. Then, the fibers were coated with a layer of chemical fixation to preserve their native structure before scanning. The coating process was done at 25 mA. The scanning electron microscope had to be under low vacuum to remove the high vacuum constraint in the specimen environment. The machine operated under an accelerating voltage ranging from 5.00 kV. Magnifications of the specimen surfaces and cross-sections started at a relatively low magnification, initially at 300×, then the detail structure of the composite delineation was done at a much higher magnification, 1.0k×.
Results and Discussions
Debonding Force. Maximum load (N) during the pull-out test is used for further calculation to determine the critical embedded length and calculate the IFSS values. The maximum load in the whole process of fiber pull-out is during the initiation of debonding process. Fig. 1 shows that for untreated fibers, the debonding force increased drastically from 1.291 N (2 mm embedded length) to 2.356 N (3 mm embedded length), a 82.49% increase with a gradient of 1.065. The gradient of debonding force by embedded lengths of 3 mm to 5 mm then dropped to nearly zero, 0.139. This is in agreement with the results by Zhong and Pan [7] where they proposed that with
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Advances in Chemical, Material and Metallurgical Engineering the increase of embedded length, the tensile load required to pull the fiber out and to resist the post-debonding friction rises, due to the increase of both bonding and friction lengths. In another study, Silva et al [8] suggested that the embedded length increases the pull-out force, but when it reaches certain embedded length, no significant increase is observed in the pull-out force exerted by the adhesion and frictional bond. In addition to this, DiFrancia et al [9] stated that the maximum load represents the load required to debond the fiber from the resin plus an amount of energy dissipated by frictional effects between the fiber and resin over the debonded fiber length. This total length is called l maxfriction. When the embedded length is greater than l maxfriction , Poisson's force comes into play and the maximum load is independent of the embedded length [9] . The l maxfriction or critical embedded length to surpass the frictional dissipation of energy is the focus of this study. For untreated fibers, the l maxfriction is 3 mm. More than 3 mm, the debonding force can be considered has reached its equilibrium (2.356 N to 2.634 N), and becomes independent of the embedded length.
At the same time, the trend of UP-impregnated fibers shows the same behaviour as untreated fibers. The debonding force increased from 10.470 N (2 mm embedded length) to 12.006 N (3 mm embedded length), an increase of 14.67% with a gradient of 1.536. The force then slightly increased to 12.298 N (5 mm embedded length) where the gradient of the curve is close to zero, 0.146. Hence, the l maxfriction for UP-impregnated fibers is also found to be at 3 mm.
It was expected that the force to debond the untreated fibers is much lower than UP-impregnated fibers. From the result, it shows that UP-impregnated fibers has improved the chemical bonding between the fiber and the resin. The images of surface are presented in Fig. 2 . The UP surface after pull-out shows vivid scratches, it proves the matrix-fiber interface exhibited strong bonding.
Fig. 2: UP-impregnated fiber, pulled-out from the matrix
On the other hand, PF-impregnated fibers exhibited inconsistent behaviour compare to untreated and UP-impregnated fibers. The debonding force decreased drastically at the beginning from 7.129 N (2 mm embedded length) to 4.627 N (3 mm embedded length), or a 35.09% decrease. The value then rose to 9.220 N (5 mm embedded length), an increase of 49.8%. The inconsistent value is probably due to the error in the specimen preparation. The brittle characteristic of PF-impregnated fibers had added difficulty during specimen fabrication. In addition, the failure rate of the pull-out tests for PF-impregnated fibers was high because the fibers were easily broken before debonding occurred. Therefore, the l maxfriction for PF-impregnated fibers was unable to be determined from the reading obtained.
However, the PF-impregnated fibers had higher debonding load compare to the untreated fibers. The descending trend of the debonding load is UP-impregnated fibers, PF-impregnated fibers, and followed by untreated fibers. Similar findings were reported by Deka and Saikia [10] , to show that the resin impregnation had improved the strength of several lignocellulosic material. Summarizing the result of single fiber pull-out test, the critical embedded length to surpass the frictional dissipation of energy is 3 mm for the untreated and UP-impregnated fibers while it is undefined for PF-impregnated fibers due to experimental errors.
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Interfacial Shear Strength (IFSS). The interfacial shear strength, was determined using Eq. 1.
(1)
Where l is the embedded length and d is the diameter of the fiber.
It was assumed that the shear stress was uniformly distributed along the embedded length of the fiber. Fig. 3 shows the corresponding pattern of the IFSS values with respect to the embedded lengths.
Fig. 3: IFSS (in 100kPa) vs embedded fiber length (mm)
The phenomenon can well be understood by comparing the IFSS value of untreated fibers and treated fibers. The ascending pattern of IFSS is depicted by the untreated fibers, PF-impregnated fibers, and followed by UP-impregnated fibers regardless the embedded length. This trend was expected and can be explained by the chemical bonding formed between the surfaces. Due to the existence of unsaturated function in UP, the carbon double bond in the UP-impregnated fiber is able to cross link with the UP resin. In the case of PF-impregnated fiber, due to its structure, it can only form hydrogen bonding with the UP resin and also to the fiber itself. Whereas, untreated fiber which contains mostly cellulose is only able to form hydrogen bonding with the UP resin. Hydrogen bonding is weaker than covalent bond formed during the cross linking of UP/UP. Hence, UP-impregnated fiber has stronger interfacial strength than PF-impregnated fiber and untreated fiber. With the impregnation process, PF had filled the pores of the sugar palm fiber and caused lesser voids which means more hydrogen bonding can be formed.
An important issue to be highlighted in this study is that while the fibers increased in the amount of the debonding force, they showed significant decrease in IFSS except for the untreated fibers from 1 mm to 2 mm embedded lengths and PF-impregnated fibers from 4 mm to 5 mm embedded lengths. To understand the scenario clearly, Figure 4 .6 shows a comparison of debonding force with corresponding IFSS value. Similar results were reported by Boshoff et al [11] where they had performed embedment length tests on strain hardening cement-based composite (SHCC). They concluded that the IFSS reduces with the longer embedment length and IFSS increases substantially when the embedment length of the test is reduced.
Additional images were captured using optical microscope for further understanding. Fig. 4 shows the embedment of the fiber in the matrix. The maximum force occurs when the fiber starts to pull-out from the matrix. 
Conclusions
Single fiber pull-out test of the untreated and treated fibers revealed that debonding force of untreated/UP and UP/UP increased significantly from 2 mm to 3 mm of the embedded fiber lengths and the force became almost constant after 3 mm embedded length. Hence, the optimum embedded length of untreated/UP and UP/UP fibers can be concluded as 3 mm, where the corresponding debonding loads were maximum values on the trace and independent of the embedded length. Optimum embedded length of PF/UP was unable to be determined due to the inconsistency of the debonding forces recorded. This might due to the error during specimen fabrication and improper setup during pull-out tests owing to the brittle characteristic of PF-impregnated fibers. It was also observed that the debonding force of UP-impregnated fibers is higher than PF-impregnated fibers. The IFSS of the untreated and treated fibers decreased with the increase in the embedded length except for the untreated fibers of 1 mm to 2 mm embedded length and PF fibers of 4 mm to 5 mm embedded length. In addition, the UP-impregnated fibers appeared to possess the highest IFSS value, followed by PF-impregnated fibers and untreated fibers.
